. Effect of poliovirus on deoxyribonucleicacid synthesis in HeLa cells. J. Bacteriol. 91:1943Bacteriol. 91: -1952Bacteriol. 91: . 1966.-Both poliovirus and arginine stimulated deoxyribonucleic acid (DNA) synthesis in cultures of HeLa cells which were preconditioned by incubation in a medium deficient in arginine. However, the number of cells producing DNA was unaffected. DNA synthesis in such preconditioned cells was 10 to 20% of the maximal value obtained with a full complement of amino acids. Inhibition of DNA synthesis was produced in these cultures either by increasing the multiplicity of exposure above 40 plaque-forming units of virus per cell or by increasing the concentration of the deficient amino acid at the time of virus addition. Inhibition of DNA synthesis resulted from a reduction in the fraction of cells producing DNA. The concentration of arginine required for viral inhibition of DNA synthesis is greater than that for viral multiplication.
The essential observations reported here, namely, that poliovirus can both stimulate and depress the deoxyribonucleic acid (DNA) synthesis of its host-cell, were included in the original report of the effects of poliovirus on the nucleic acid metabolism of HeLa cells (16) . The significance of certain shifts in culture media employed and the importance of the multiplicity of infection were not fully recognized at that time, and the observations have not been frequently repeated elsewhere. The need to define more carefully the variables which govern the viral effects is met in this communication.
The rate of deoxyribonucleic acid (DNA) synthesis in HeLa cells is markedly depressed within 1 hr after reduction of arginine, histidine, or valine in the culture medium. Replacement of the amino acid causes a rapid increase in the rate of DNA synthesis. This phenomenon resembles that observed previously with bacteria (20) . Details of the observation in HeLa cells and the mechanism involved will be considered in a publication elsewhere. The present study concerns itself with the way in which shifts in amino acid concentrations influence the effects of poliovirus on the DNA synthesis of its host cell. Data concerning the uninfected cell are included as controls for the interpretation of experiments. In addition to altering the amino acid composition of the culture medium, the effective intracellular concentration of arginine was regulated in these experiments by employing canavanine, a structural analogue of arginine. This compound was shown by others to inhibit replication of influenza virus and to be competitively reversed by arginine (14) . By use of canavanine, two distinct functions of arginine were delineated, one in the maturation of virus and a second in the expression of the virus on the host metabolism. The rate of DNA synthesis in virus-infected cultures will be shown to be a composite of two variables, the number of cells in the DNA productive phase and their synthetic activities. The virus, depending upon the multiplicity of infection, may affect both directly, whereas the concentration of amino acid governs the latter and acts indirectly to moderate the effect of poliovirus on the former.
MATERIALS AND METHODS Cells. HeLa cells were grown in monolayers at 37 C with Eagle's basal medium (8) twice concentrated, and 10% calf serum; they were passaged every 7 days. The cells were grown in Roux bottles for experiments which involved isolation of DNA for chemical analysis, in 2-oz prescription bottles for studies of viral replication, and on cover slips in Leighton tubes for autoradiographic experiments. During the experimental period, the medium was replaced with one modified with regard to serum and amino acid con-1943 ACKERMANN ET AL. tent, as described in specific experiments. The experimental media are all supplemented with 4 Ag/ml of each of the deoxyribonucleotides of DNA. This was to ensure that alterations in the media do not affect the availability of precursors of DNA. The nucleotides were used instead of the nucleosides, because the latter, even in combination, are somewhat antagonistic to DNA synthesis, whereas the former are slightly stimulatory. Periodically, cells and fluid were inoculated into special media to ensure that they were free from mycoplasma and bacteria (6) .
Virus. In all experiments, the Mahoney strain of type 1 poliovirus was used. It was passaged routinely in HeLa cells, washed and concentrated by centrifugation, and used as a suspension in phosphate-buffered (pH 7.0) saline (PBS). The virus was assayed, with a plaque assay, on monolayers of HeLa cells in 2-oz prescription bottles, and concentration was expressed in plaque-forming units (PFU).
DNA. DNA was extracted from HeLa cells by the method of Colter et al. (7) and isolated from the aqueous phase after precipitation of RNA (25 % ethyl alcohol, v/v) as described by Martinez-Segovia et al. (18) . DNA so isolated was dissolved in saline, precipitated with cold trichloroacetic acid, and dissolved in another portion of the same acid with heating, then used to determine the incorporation of H3-thymidylate. It was quantitatively determined by the method of Burton (5 (11, 12) Radioactivity. For measurement of radioactivity, 0.1 to 0.5 ml of sample was added to an appropriate volume of scintillation fluid to give a final volume of 10 ml and was counted for 10 min in an automatic Ansitron Model 1300 liquid scintillation counter (13 ,ug/ml of canavanine produced almost complete inhibition of poliovirus in the presence of one /Ag/ml of arginine, whereas in the presence of 32 Ag/ml of arginine, 16 ug of canavanine produced almost no inhibition. The data strongly indicate that arginine is required for replication of poliovirus and that canavanine acts by interfering with its utilization.
Requirement in the culture medium of arginine, histidine, and valine for poliovirus replication.
Since inhibition of poliovirus replication with canavanine demonstrated a need for the amino acid arginine in the system, the requirement for arginine as well as histidine and valine in the culture medium was examined next. Cultures of were obtained with 2 jg/ml in lieu of the usual 30 to 50,g/ml. Thus, whereas these amino acids may be absolute requirements for poliovirus replication, sources within the host cell are adequate for appreciable viral production. These results are in agreement with the findings of Eagle and Habel (9) . The yields of virus accrued over an 18-hr interval indicate little concerning the rates of virus multiplication under the various conditions. Time-dependent sensitivity of the sequence of replication to canavanine inhibition. To learn which phase of the sequence of viral development requires arginine, the inhibitor canavanine was added to cultures which had been infected for different intervals of time, and the incubation continued for 18 hr, at which time the yield of virus was determined. By removing replicate cultures at the time of addition of canavanine and titrating these, it was possible to determine also whether inhibition of viral replication occurred after infectious virus had once begun to appear and if it were complete. The medium contained arginine at 1 ,ug/ml, the other components of Eagle's basal medium (twice concentrated), 1 % calf serum, and 4 ,ug/ml of each of the deoxyribonucleotides of DNA. It was found (Table 3) that even at 6 hr after infection (when infectious virus had been produced for 3 hr) further replication could be arrested by addition of 16 or 32 ,ug/ml of canavanine. The titer at 18 hr of the untreated cultures was greater than that at 18 hr which received the analogue at 6 hr after infection. Further, there was no significant increase in virus production after the analogue was added at the 5th or 6th hr, though such occurred without addition of canavanine. There is a very late stage in the replication of virus which requires arginine.
Time-dependent sensitivity of viral-induced inhibition of DNA synthesis to canavanine. Inhibition of DNA synthesis in HeLa cells occurs by the 3rd hr after infection with poliovirus. The degree of inhibition, as will be subsequently demonstrated, depends upon the concentration of amino acids in the medium, and, as previously reported (1) , it can be prevented completely by the action of canavanine. The sensitivity to canavanine of various phases of the infectious sequence with regard to the induction of this inhibition of DNA synthesis was tested. Canavanine (32 ,g/ml) was added to HeLa cells with modified culture medium (1 ,ug/ml of arginine, Eagle's basal medium, 1 % heated calf serum, 4 ,ug/ml of each deoxyribonucleotides of DNA) at time intervals after infection with poliovirus (Table 4 ). Three (experiment 1) or four (experiment 2) hours after infection, 10 ,c of H3-thymidylate was added to each culture (Roux bottles containing 60 ml of medium) and, after 1 additional hr at 37 C, the experiment was terminated, the DNA was extracted, and the incorporation of isotope in DNA was determined. Under these conditions of low arginine concentration, viral-induced inhibition of DNA synthesis occurs, but is not complete. The inhibition which does occur is prevented by the presence of canavanine when it is added before the 3rd hr of infection, but not afterward ( Table 4) . The determination at 1 hr (experiment 2) is apparently aberrant. The data indicate an early function of arginine, completed by the 3rd hr of infection, which is related to the inhibition of DNA synthesis, distinct from the late function in viral maturation described above.
Effect of guanidine and (2-(a-hydroxybenzyl)-benzimidazole) (HBB) on poliovirus-induced inhibition of DNA synthesis. To relate viral replication to its influence upon the host cell, the effects of two inhibitors guanidine and HBB reputed to be viral specific (22, 15) were tested for their ability to prevent virus-induced inhibition of DNA synthesis. The cells, virus, and medium employed were identical with the previous experiment ( 16 hr with 1 j,g/ml of arginine which were synthesizing DNA at 10 to 20% of the maximal rate, as described above, and also in replicate pre-incubated cultures to which 50 jig/ml of arginine was added at the time of addition of virus. DNA synthesis was also followed in uninfected control cultures, one group of which received the 50 ,ug/ml arginine supplement. DNA synthesis was determined by the incorporation of a pulse of 10 l c of H3-thymidylate added 1 hr before extraction of the DNA at the intervals indicated in Fig. 1 When similar preincubated cultures were infected with poliovirus but also supplemented with 50 ,g/ml of arginine, one observes ( Fig. 1): (i) The rate of synthesis of DNA in the control culture in the 1st hr is already 21 counts per min per MAg of DNA, and by the 3-to 4-hr interval has reached a value of 51. (ii) The high rate of DNA synthesis induced by the arginine supplement occurs also in the viral-infected cell, but the rate here does not exceed the control. (iii) By the 3-to 4-hr interval the usual poliovirus induced suppression has occurred; it is quite intense even when compared with the low arginine controls, i.e., by the 5th hr, 0.6 compared with 4.2.
Thus it appears that although viral replication and viral induction of DNA inhibition both require arginine, the requirement in the medium for DNA inhibition is far greater than that required for multiplication, the latter being near maximal with 1 Ag/ml of arginine and the former not occurring with this concentration.
To further delineate the critical concentrations of arginine required for viral-induced stimulation or suppression of DNA, cells were preincubated for 16 hr in the modified medium described above with additions of arginine at concentrations of 1, 5, 16, or 50 ug/ml. Then virus was added, and after 4 hr of incubation, 10 ,uc of H3-thymidylate was added. The experiment was terminated after 1 additional hr. The DNA was extracted and the incorporation of isotope was determined. The results are recorded in Table 5 . At concentrations of S ,ug/ml or greater of arginine, the effect of virus was to inhibit DNA synthesis in the 4-to 5-hr interval. With 1 ,ug/ml of arginine the effect was to stimulate it. Although the stimulation was 57% over the control, it was not the maximum which could be obtained by adding high levels of arginine alone. The suppressive effect of 53 ,ug of arginine added 16 hr prior to the experiment is clearly not as effective in promoting the viralinduced suppression as that added at the time of virus addition to a previously depleted system.
Effect of the concentration of histidine on DNA synthesis in poliovirus-infected cells. Since we found (unpublished data) that the effect upon DNA synthesis in uninfected cells produced by shifting the concentration of arginine was entirely equivalent to that produced by shifting the concentration of histidine or valine, the equivalence of histidine to arginine in the infected cell was tested. HeLa cells were preincubated in modified twice-concentrated Eagle's medium (histidine reduced to 0.5 Mig/ml with a supplement of the four deoxyribonucleotides of 4 ug/ml and 1% heated calf serum) for 16 hr. One culture received a supplement of histidine (16 ,ug/ml), a second received poliovirus, a third poliovirus plus histidine (16 ,ug/ml), and a fourth was retained as a control. All were incubated at 37 C for 4 hr and then received 10 ,uc of H3-thymidylate. After 1 additional hr at 37 C, the DNA was extracted and the incorporation was determined. The rate of DNA synthesis expressed as counts per min per ,Lg of DNA was 2.97 in the culture maintained with 0.5 ,ug of histidine. Addition of poliovirus to the culture with 0.5 ,ug of histidine increased the rate of synthesis over 100 % to 6.4. Addition of Fig. 2. After 4 hr, 10 ,uc of H3-thymidylate was added, and the experiment was terminated at the 5th hr. The incorporation of isotope was determined as described in previous experiments. In a separate experiment with the same pool of virus, the effects of various concentrations of heated virus (100 C for 15 min) were tested in identical manner. The data are plotted in Fig. 2 DISCussIoN Both poliovirus and additional arginine stimulated DNA synthesis in cells which were preconditioned by incubation in a medium deficient in arginine. The autoradiographic data indicate that both act to increase the synthetic activity of cells already in the productive phase, rather than to increase the number of cells in the culture synthesizing DNA. When added in combination, the abrupt stimulation of DNA synthesis induced by the amino acid was still apparent in the first 3 hr of infection, but any added effect of virus seems to have been obscured in the presence of the maximal effects of arginine. Viral stimulation of DNA synthesis was most clearly observed with low concentrations of arginine for this reason and also the following. Poliovirus has a tendency to reduce the number of DNA-synthesizing cells in the culture, and this inhibition is intensified by high concentrations of arginine which of itself does not affect the number of participating cells. Thus, in the presence of 1 ,ug/ml of arginine, infection with poliovirus produces at the 4-to 5-hr interval both a moderate inhibition (50%) of the number of cells participating in DNA synthesis and an intense stimulation (235%) of synthetic activity in those still participating. The net effect is a stimulation. High multiplicities of infection may alter this balance at the 4-to 5-hr interval (Fig. 2) .
With moderate multiplicities of infection, less than 40 PFU per cell, inhibition of DNA synthesis occurs in this same interval when high concentrations of amino acid are provided. The arginine requirement in the medium is greater for viral-induced inhibition of DNA synthesis than for viral multiplication. The early sensitivity to canavanine, before 3 hr, of this viral-induced inhibition indicates a requirement for arginine and suggests protein synthesis is involved. This is supported by the similar effects obtained with histidine. The sensitive period corresponds in time to the early stimulation of histone synthesis described previously in poliovirus (21) and Maus-Elberfeld (ME) virus infections (10) . It is interesting to speculate that the role of arginine in viral-induced inhibition of DNA synthesis is that of a precursor for histones which act as repressors. Further, canavanine, which prevents the viral-induced inhibition, has been shown to inhibit the incorporation of C'4-arginine into histones of HeLa cells (1) . Acting by this mechanism, amino acid deletion might either prevent DNA inhibition or greatly delay its appearance.
The stimulatory effect of poliovirus on DNA synthesis is distinct from the inhibitory effect and viral multiplication. It occurs abruptly within the 1st hr after infection and proceeds in a progressive manner; it is not prevented by guanidine, as is the inhibitory effect, and occurs without viral replication. Heat-inactivated virus is ineffective. Since the effect occurs clearly only in cells preconditioned to be stimulated by the addition of an amino acid, one might consider whether the viral effect has the same mechanism as a shift in the concentration of an amino acid. The inhibition of poliovirus replication with canavanine and its reversal with arginine indicates the latter is required. Since virus replicates to a considerable titer in the absence of arginine in the medium, it seems likely that the requirement is met by the host cell. If free amino acids were made available in the intracellular environment by viral action, their presence would stimulate the preconditioned cell to increase its rate of DNA synthesis, as would addition of amino acid from some exogenous source.
The amino acid may be made available by breakdown of some dispensable protein caused by an enzymatic action of the parental virus capsomeres or by viral release of enzymes from cellular lysosomes, as suggested by Allison and Mallucci (17) . Inhibition of viral multiplication at a variety of points in the infectious sequence does not prevent the cytopathic effect. Canavanine, which prevents the inhibition of DNA synthesis, is also ineffective in this regard. The lack of parallelism between viral multiplication and cytopathic effect suggest that an early event in the infection predetermines the ultimate dissolution of the host cell (2) . The primary biochemical lesion may be produced by the parental virion rather than the vegetative form.
